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Abstract: The production of electron pairs in nuclear emulsions by linearly polarized photons was 
investigated. It was found that more pair particles are ernitted perpendicular to the photon 
polarization plane if the pair and the photon are coplanar. They are emitted preferentially in 
the polarization plane if they are not coplanar. The distribution of the angle 0 between one 
pair particle and the incident photon and of the opening angle o of the pairs was also determined. 
The results are in good agreernent with recent calculations. 
1. Introduction 
It was suggested by Yang ') that electron pair production may be used to detect 
the linear polarization of photons by utilizing the correlation between photon pola- 
rization and the plane of production of the pair. Berlin and Madansky ') calculated 
this correlation for the case that the photon and the pair particles are exactly coplanar. 
They found that the pairs are emitted preferentiallyperpendicular to the photon polari- 
zation plane. 
Wick 3, pointed out, however, that from an experimental point of view it is more 
realistic to allow small deviations from coplanarity and he took this into account by 
using the Weizsäcker-Williams method to calculate the correlation. Surprisingly he 
found the opposite result, predicting the pairs to be emitted predominantly in the 
plane of photon polarization. 
Because of this discrepancy an experimental investigation of this correlation seemed 
interesting and was started some time ago. This stimulated the theoretical interest and 
recently Maximon and Olsen 4, could reconcile the two opposite results. They gave 
a quantitative theory showing that the Cross section varies rapidly if the pair deviates 
from coplanarity. The experimental results of this paper are in very good agreement 
with these calculations. 
The reaction dCp, y)He3 (proton energy about 1 MeV) was used as a source of 
completely polarized y-rays with an energy of about 6 MeV. The pairs were produced 
in nuclear emulsions in a geometry such that the direction of the incident photon was 
known within 1". By scanning the pairs with a microscope, not only the azimuthai 
angles necessary for the determination of the polarization correlation were measured 
but also the ange 6 between a pair particle and the incident y-ray and further the open- 
ing angle o between the two pair particles. 
286 
PAlR PRODUCTION 287 
The experimental distribution of 8 is found to be in excellent agreement with the 
classical calculations of Bethe and Heitler 5 ,  (See fig. 5). Several authors 6 ,  measured 
the distribution of the opening angle o of the pair and compared their results with the 
theoretical distribution derived by Borsellino '). It was found in aU cases that the 
experimental distribution has a maximum at smaller angles than predicted theoreti- 
cally. This is corroborated by the results presented here. The Solution to this discrep- 
ancy is that Borsellino inferred the o-distribution from the distribution of the trans- 
fered momentum which implies that a certain combination of opening angle and energy 
partition between the pair particles is assumed. Recently Olsen ') calculated the dis- 
tribution without this restricting condition and his results are in excellent agreement 
with our measurements (see fig. 6). 
2. Experimental Method 
The reaction d(p, y ) ~ e 3  proceeds almost entirely by electric dipole absorption yield- 
ing a radiation Pattern with the typical sin2 9 angular distribution and the electric vec- 
tor lying in the reaction plane. Therefore, it is an excellent source for linearly polarized 
y-rays of about 6 MeV if the proton energy is 1 MeV as in our case. Wilkinson ') has 
used the photodisintegration of the deuteron to show that the polarization is indeed 
complete for this case. 
Fig. 1. Schematic diagram of experimental arrangement. 
The apparatus used is shown schematically in fig. 1. Protons with an energy of 1.05 
MeV impinge upon a thick heavy ice target with a diameter of 9 mm. Those y-rays 
emitted approximately at 90" with respect to the proton direction were used to 
irradiate several nuclear emulsion plates 16 cm away from the target for some 30 h. 
The plates were set parallel to the y-rays and are symmetricaiiy arranged around the 
y-ray axis. In particular two plates are in the plane of the electric vector and two per- 
pendicular. Standard Ilford G5 emulsio~~s 2.5 X 7.5 cm2 large and 100 pm thick were 
used. 
As the Cross section for the d(p, y ) ~ e 3  reaction is rather smaii, one must be careful 
that the y-rays are not contaminated by unpolarized photons from background re- 
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actions. As the proton capture in F19 is the most significant source of background ra- 
diation the whole System and in particular the collimator and the target holder were 
carefully cleaned. A cold trap was used to avoid the deposition of carbon on the target. 
The y-ray spectrum as measured with a NaI-crystal is shown in fig. 2 both for a H 2 0  
and D,O-target. As can be Seen the background is almost negligible. As a further 
check the asymmetry of the angular distribution of the y-rays was measured and found 
to be in agreement with that of an electric dipole transition. 
Fig. 2. y-ray spectrum measured with a Na1 spectrometer, for the reaction d@, y)Hee. (a) D,O 
target, (b) H,O target. 
After development the emulsions were scanned for pairs with a high power micro- 
scope (magniücation 2500). As the scanning turned out to be very tedious only two 
plates were scanned, one of them in the E plane and one perpendicular to it. During 
1600 h of scanning time 457 pairs were found on an area of approximately 50 mm2. 
Two examples are shown in fig. 3. 
The following angles have to be determined for each pair (see fig. 4): The angles 
8, and 8, between each pair particle and the photon direction, the opening angle o 
of the pair, and the two azimuthal angles cp, and cp,. This was achieved by measuring 
Fig. 3 Electron pairs in G5-emulsions. 
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the projected angles B,, B2(assuming that the y-ray came from the centre of the target), 
and G as Seen in the microscope, the depth of the pair vertex and the depth of one 
more point of each track at a certain distance from the vertex. From these data the 
true angles 8, and 8, and the azimuthal angles cp, and cp, can easily be computed. The 
projected angles could be measured with an accuracy of about 0.3" which has to be 
combined with the inaccuracy of the y-direction of about 1.1" in the case of the 8,. The 
uncertainty in the depth determination was approximately 0.15 Pm. The resulting 
total errors for 01, 02,  cpi and cp2 depend very much on the geometry of a Special 
pair. Obviously the uncertainty of the azimuthal angles increases if 8, is small. If 
8, 6 2" the azimuthal angles cannot be determined at ali and such pairs were therefore 
'pxcluded from the evaiuation. 
In order to determine the dip angle of each track (by measuring its depth at two dif- 
ferent positions) the shrinking of the emulsions had to be taken into account. This was 
determined by measuring the emulsion thickness before and after the processing. 
Fig. 4. Definition of angles. 
As it is easier to find a pair whose plane is approximately parallel to the emulsion 
plane two plates were scanned. One plate was oriented parallel, the other perpendicu- 
lar to the electric vector of the photons. In this way the different detection efficiencies 
should have little influence on the asymmetry. However, in order to be Sure that such 
effects did not impair the determination of the polarization asymmetry, the number of 
singie tracks as a function of the azimuthal angle was analysed in both emulsions, and 
indeed an azimuthal change of the scanning efficiency of about 18 % was found. As 
this change was approximately the Same in both plates the total correction is small 
compared to the statistical errors. A determination of the energies of the pair parti- 
cles was not possible. As the angular distributions and correlations to be studied de- 
pend only little on the energy partition this was no serious impairment for this ex- 
periment. 
3. Results for the Angular Distributions 
First we discuss the results for the distribution of the angle 8 between a pair particle 
and the photon and then the results for the opening angle w of the pairs. 
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The experimental results for the 8 distribution are displayed in fig. 5. Pair particles 
were grouped into intervals of 2" for the angle 8. 
Two theoretical curves are shown for comparison. Both were calculated in the Born 
approximation without screening and for the high energy limit, assuming that the 
energy of both pair particles is large compared with the electron rest mass. Curve (a) 
was calculated from the equation 
given by Bethe 5 ) ,  where 5 = [ I+  (Sk)202]-1 and k is the photon energy in units of 
nic2. 
Fig. 5. Distribution of 13 for k W 6 MeV/mcz. (a) calculated from eq. (1) (Bethe 6), (b) calculated 
from eq. (2) (Olsen and Maximon lo). 
More recently Olsen and Maximon 1°) derived the expression 
which holds if the energies of the two pair particles are equal. Here a = 4(ez/mc) 
( h / m c ) ( ~ c ~ / h c ) ~  and E, is the total energy of one pair particle. A deviation from this 
equipartition changes the distribution only very little. Curve (b) in fig. 5 was calculated 
from this equation. 
As can be seen from this figure the difference between the two curves is not appre- 
ciable. The agreement with the experimental results is surprisingly good taking into 
account that for k = 12 the high energy approximation cannot be expected to be very 
good. 
In fig. 6 the experimental results for the distribution of the opening angle w of the 
pairs are shown. The measured vaiues of w were collected into groups with an angular 
range of 5". 
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In the past experimental determinations of o were compared with theoretical distri- 
butions derived by Borsellino ') and in all cases it had been found that the experi- 
mental distribution is peaked at smaller angles than predicted by theory. A simple ex- 
planation, although not noticed thus far, is that Borsellino calculated the cross sec- 
tion as a function of the invariant pair energy 4Q2 = (E, + E,)=- @, where 
E,, E, and p,, p2 are tbe energies and momenta of the two pair particles. From 
this he derived a cross section as a function of o obtaining a distribution function of a 
certain combination of opening angle and energy partition rather than the cross sec- 
Fig. 6.  Distribution of W for k W 6 MeV/mcz. (a) calculated according to Borsellino '), (b) calculated 
from eq. (3) (Olsen both for equal energies of the pair particles. 
tion for fixed values of both o and energy partition. Nevertheless Borsellino's formula 
has even be used to infer y-ray energies from measured opening angles "). 
Quite recently the distribution of w for fixed energy partition has been calculated 
by Olsen ') in the Born approximation and in the high energy limit. He also showed 
that the distribution integrated over all particle energies differs only little from the 
distribution for equibartition. This is given for the case of no screening by 
da  = (&ao k)dE, d u  ~ ' [ ~ { l n  k[1 +2(&k)2~2[2] 
- r ~ - + 3 ( % k ) 2 ~ 2 r 2 ~  - ( 1(4 sinh ~ ) ) r 3  +2(%k)20Z11, (3) 
where 
2 2 -1 [ = [l + (k/4) o ] , cosh (fy) = C-*. 
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Curves calculated for k = 12 from this equation and from Borsellino's expression 
are also shown in fig. 6.  As in previous experiments Borsellinoys curve has a maximum 
at Iarger angles than the experimental distribution. Olsen's calculations on the other 
hand are even at this low photon energy in exceilent agreement with the experiment. 
It might be mentioned that the o and B distributions are very similar except that the 
o distribution is twice as wide as the B distribution. This stems mainly from the differ- 
ence of a factor of 2 in 5 and and means that to a first approximation o is the sum 
of 8, and 8,. 
An experimental determination of the mean opening angle (o) = jw(da/do)dw/ 
j(da/dw)do is sometimes used for an estimate of the y-energy. Hence a comparison of 
experiment and theory for this quantity is also of interest. From eq. (3) Olsen in( 
ferred 
which is valid for no Screening. For k = 12 one obtains <U) = 24.3" which has to be 
compared to the experimental value (o)„,. = 17.5"+_0.5". The reason for the dis- 
crepancy is that in (W) large angies are rather important and the high energy approx- 
imation used is poor for these cases. The large angle contribution has been calculated 
approximately by Olsen8) and he found that eq. (4) should be multiplied by (1 -24/5k). 
This yields a corrected value (CO)„„. = 14.6" which is in fair agreement with the ex- 
perimental results although it seems that the correction has been overestimated slightly. 
4. The Polarization Asymmetry 
Maximon and Olsen 4, defined the polarization asymmetry 
where rp, = 0 and rp, = $71 means that one pair particle was emitted parallel and per- 
pendicular to the electric vector of the photon, respectively, whereas the second 
cle was emitted at an angle 4 = n+rp,-cp2 within a certain range A+ (See fig. 4). 
Obviously 4 = 0 implies that the two pair particles and the photon are coplanar 
and therefore 4 is a measure of the deviation from coplanarity. 
In an experiment, however, the requirement cp, = 0 and cp, = +n cannot be realized 
as a finite range of rp, must be admitted. In order to get a reasonable statistical accu- 
racy all cases with -45" 5 cp, 6 $45" and 135" 5 cp, 5 225" were taken for dall 
and all pairs with 45" 5 cp, 5 135" and 225 5 q, 5 315" were used for da, and thus 
--
a ratio R = dcrll/da, averaged over cp, was obtained. Maximon and Olsen showed 
that the Cross section is of the form da = a (A+)+b(A+) cos2 rp, and from this the 
relation 
can easily be deduced and it can be Seen that the reduction of R is tolerable. 
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After establishing whether a pair particle had been emitted parallel or perpendicular 
to the electric vector the angle q5 = n +V, -V, was determined. Finally the number of 
pairs with q5 between 0 and A 4  with A 4  increasing in steps of 10" were counted. Na- 
turally in this way each pair, except those in the highest A 4  interval, is counted several 
times and the statistical errors of the individual points are not independent. 
The experimental values of I? as a function of A+ are shown in fig. 7. Although the 
statistical errors are still large it can be seen at least qualitatively that more pair 
particles are produced perpendicular to the electric vector if A 4  is small whereas 
the paraliel case is favoured for large Aq5. The first case corresponds to the coplanar- 
ity condition of Berlin and Madansky 2,  whereas the averaging over a larger range 
Lpf 4 leads to Wickfs results 3). According to the calculations of Maximon and Olsen4) 
-- 
Fig. 7. The asymmetry ratio X = dulljduL as a function ofA6. HereA6 describes the mean devia- 
tion from coplanarity. The broken lines indicate the statistical errors. The full curveis taken from 
Maximon and Olsen 9 and is valid for A$ << 1. 
= 1 should be reached at k Aq5 N 8 .  As the photon energy k = 12 N 6 MeV/mc2 
~n this experiment was rather low the cross-over occurs at a rather large angle and 
was accessible to observation. 
In fig. 7 a theoretical curve for I? calculated from eq. (6)  is also shown. The asym- 
metry ratio R was taken from ref. 4, and had been obtained by averaging over the 
particle energies. It is valid for A 4  « 1. In view of the theoretical approximations and 
the statistical uncertainties the agreement is satisfactory. 
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